This study optimized carbon sources in half MS liquid medium for maximum biomass accumulation and withanolides production in hairy root culture of Withania somnifera. The highest production of withaferin A and withanone was achieved when sucrose and sucrose+glucose were used individually as carbon sources. The hairy root suspension culture supplemented with a lower level of sucrose (2%) favored hairy root biomass accumulation (1.41 g DW) followed by sucrose+glucose (2+1) when compared with other carbon sources in half MS liquid medium after 40 days of culture. The hairy roots grown on sucrose (4%) enriched half MS liquid medium stimulated higher production of withaferin A (2.21 mg/g DW) and withanone (2.41 mg/g DW) on the 40 th day of culture, followed by sucrose+glucose (4+1%) compared with glucose, fructose, maltose and other combinations tested.
Withania somnifera (L.) Dunal (Solanaceae) is an important medicinal plant producing pharmacologically the important steroidal lactones, withanolides [1] [2] [3] [4] . In the present study, the impact of different carbon sources, such as sucrose, glucose, fructose, maltose and their combinations, was investigated on the growth and withanolides production (withaferin A and withanone) in hairy root culture of W. somnifera. Figure 1 summarizes the effect of the different carbon sources on hairy root growth at the 40 th day of culture, since this time showed maximum biomass accumulation. The hairy root growth was improved in half strength MS medium fortified with sucrose (2%), followed by sucrose+glucose (2+1%), with the highest root biomass (1.42 g, DW and 1.11 g, DW, respectively) on the 40 th day. It was observed that other carbon sources and their combinations inhibited biomass accumulation of hairy root growth. In the present study, hairy root growth in half MS [5] liquid medium supplemented with sucrose was noticeably better than that in the medium fortified with glucose, fructose, maltose, sucrose+glucose, sucrose+fructose and sucrose+maltose. The reason might be that sucrose could supply a balanced carbon source for cell growth by hydrolysis of invertase and sucrose synthase, and the resulting hexose can directly participate in glycolytic and pentose phosphate pathways [6] . Half MS liquid medium supplemented with 2% sucrose showed a long exponential phase until day 40, while with 4% sucrose it lasted up to day 30, followed by a stationary phase. Hairy roots cultured in half MS medium fortified with 8% sucrose exhibited an extended lag phase and reduced biomass accumulation (data not shown). Similar to our results, sucrose increased ginseng hairy root growth at a rate higher than that of any other carbon source, followed by sucrose+glucose [7] . Praveen and Murthy [8] recorded that sucrose at 3% concentration yielded maximum biomass accumulation in hairy root culture of W. somnifera after 4 weeks. This phenomenon showed that a suitable sucrose concentration is essential to provide energy for root growth. From the present study, it was clearly demonstrated that an initial sucrose concentration is essential for the growth of the roots and its effect on growth is dependent on specific root lines. Figure 2 represents the effect on production of withaferin A and withanone in hairy root culture of W. somnifera on the 40 th day of culture in half MS liquid medium enriched with various carbon sources. A steady improvement in withaferin A and withanone production was recorded in sucrose (4%) supplemented hairy roots culture, with maximum production of 2.21 mg/g, DW, and 2.41 mg/g, DW, respectively. The hairy roots grown with sucrose+glucose (4+2%) showed significant production of withaferin A (2.10 mg/g DW) and withanone (2.23 mg/g DW). Half MS liquid medium with fructose, glucose, maltose and other combinations, except sucrose+glucose, did not increase withaferin A and withanone production and exhibited the lowest production rate throughout the duration of the culture.
An inhibitory effect on withanolides production in culture was noticed when the medium was supplemented with higher concentrations of sucrose (6-8%). A higher concentration of sucrose had a negative effect on ginsenosides production, whereas 2% sucrose positively increased the metabolites production in hairy roots of ginseng [7] . Zhang et al. [9] verified the effect of sucrose on periplocin content in Periploca sepium adventitious roots. Increasing sucrose concentration favorably enhanced the periplocin content of the culture. The rising trend was fairly obvious with 1-3% sucrose, whereas 5% sucrose rapidly increased the periplocin content in adventitious roots. This is due to elevated levels of osmotic stress, which induced the generation of more secondary metabolites. In our previous study, a constant level of sucrose (2%) was maintained in the adventitious root culture of W. somnifera; this level positively improved the root growth and recorded a significant content of withaferin A (0.485 mg/g, DW) [2] . In the present study, an increase in sucrose concentration (4%) inhibited root growth, but rapidly enhanced the withaferin A and withanone contents. This might be due to elevated level of osmotic potential in the cultured hairy roots. A higher osmotic potential created a stress factor against the root growth, which initiated the signal perception through a receptor in the cell membrane to activate the signal transduction network. This activates the transcription factor, which regulates the expression of biosynthetic genes involved in secondary metabolism. The resulting enzymes catalyze the biosynthesis of target secondary metabolites [10] . It was substantiated that sucrose is the ideal carbon source for increased production of withanolides in the hairy root culture of W. somnifera. Since this has an important place in herbal medicine throughout the world, there is a need to manipulate the Withania root culture system more effectively for the sustainable production of bioactive compounds, like withanolides [2] .
The present investigation demonstrated that different carbon sources and their combinations exhibited differential effects on hairy root growth, and withaferin A and withanone production in W. somnifera. Among them, a concentration of 2% sucrose was favorable for hairy root growth, and higher sucrose concentration (4%) positively improved the withanolides production in half MS liquid medium. The protocol would extend the feasibility of scaleup production of withanolides on a commercial scale utilizing bioreactors in the future, as suggested by Sivanandhan et al. [2] .
Experimental

Effect of carbon sources on hairy root growth and withanolides production:
Hairy roots were induced as described by Bandyopadhyay et al. [11] in W. somnifera. To determine the exact effect of carbon sources on biomass accumulation and withanolides production, different concentrations (0, 1, 2, 4, 6 and 8%) of sucrose, glucose, fructose, and maltose individually, and sucrose+glucose, sucrose+fructose, sucrose+maltose combinations were added to 50 mL of half MS liquid medium (pH 5.8). The cultures were established with an initial inoculum mass of 1 g, FW, in half MS liquid medium in 250 mL Erlenmeyer flasks. The hairy roots were harvested after different time courses (10-50 days) to optimize the harvest time for exploring higher withanolides production and biomass accumulation.
Biomass estimation and HPLC analysis:
The hairy roots were separated from the medium and dry weight was recorded after drying at 60°C for 2 days. Withanolides extraction and HPLC analysis were performed following the method of Sivanandhan et al. [2] .
